Pressure overload of the left ventricle induces synthesis of creatine kinase isoenzymes. To determine whether this response is associated with an altered pattern of creatine kinase gene expression, we induced arterial hypertension in rats by suprarenal aortic banding. After 4 days, left ventricular myocardium from hypertensive (n =7) and normotensive, sham-operated (n =5) rats was analyzed for isoenzyme activities by chromatography; M and B creatine kinase subunit protein by Western blot; and M, B, and mitochondrial creatine kinase mRNA by Northern blot. Although total creatine kinase activity increased in hypertensive (1,096±214 IU/g left ventricle) compared with normotensive rats (648±81 IU/g left ventricle,p<0.01), the relative proportions of the cytoplasmic and mitochondrial isoenzymes did not change. The mass of M and B subunits increased 1.9-and 2.7-fold, respectively, in hypertensive compared with control rats. Similarly, the mRNA for M and B subunits as well as mitochondrial creatine kinase increased 2.6-, 1.6-, and 1.8-fold, respectively, in hypertensive rats compared with control rats. Thus, increased energy requirements in acute pressure overload are met by generalized induction of creatine kinase mRNA and subunit protein and not by an isoenzyme switch. (Circulation Research 1991;68:1007-1012 C reatine kinase (EC 2.7.3.2) (CK) is an essential enzyme for maintaining the proper intracellular ratio of ATP to ADP and the size of the phosphocreatine pool and thus plays a prominent role in cardiac and skeletal muscle energy metabolism.' The CK genes make up a small gene family that is differentially regulated during myogenesis and in tissues. Two genes encode highly conserved muscle (M) muscle characterized by replacement of the BB isoenzyme found in the fetal tissue with the MM isoenzyme making up the majority of CK in mature tissue.5-8The mitochondrial isoenzyme is also developmentally regulated, appearing in heart at 6 days after birth in several species. 
C reatine kinase (EC 2.7.3.2) (CK) is an essential enzyme for maintaining the proper intracellular ratio of ATP to ADP and the size of the phosphocreatine pool and thus plays a prominent role in cardiac and skeletal muscle energy metabolism.' The CK genes make up a small gene family that is differentially regulated during myogenesis and in tissues. Two genes encode highly conserved muscle (M) and brain (B) protein subunits that form three dimeric cytoplasmic isoenzymes (MM, MB, and BB). Two additional nuclear genes encode two closely related tissue-specific isoenzymes of mitochondrial CK. 23 The MM isoenzyme predominates in skeletal muscle. The BB homodimer is the major species in brain. The MB heterodimer constitutes a variable portion of the total CK activity found in smooth and cardiac muscle.4 CK undergoes a developmental isoenzyme switch in heart and skeletal muscle characterized by replacement of the BB isoenzyme found in the fetal tissue with the MM isoenzyme making up the majority of CK in mature tissue.5-8The mitochondrial isoenzyme is also developmentally regulated, appearing in heart at 6 days after birth in several species.9 Mitochondrial CK and the fraction of MM CK bound to the M line of the sarcomere make up a phosphocreatine shuttle to transport energy from the site of ATP generation (oxidative phosphorylation) to sites of ATP utilization, implicating mechanisms for the coordinate regulation of cytoplasmic and mitochondrial isoenzymes of CK. 10 Changes in the relative proportions of CK isoenzymes in myocardium have been demonstrated during pressure overload and hypertrophy of the left ventricle as well as with coronary artery disease.
Myocardium from patients with left ventricular hypertrophy or coronary artery disease has been shown to accumulate MB CK.1" Myocardium from rats subjected to aortic banding resulting in systemic hypertension was observed to have increased total CK activity early after aortic banding, before the heart had undergone compensatory 25 ,000g for 15 minutes, and the supernatant containing cytosolic and mitochondrial isoenzymes of CK was removed.
Isoenzymes in the supematant fraction were separated by anion-exchange chromatography with the use of fast protein liquid chromatography (FPLC) and a high-resolution column (Mono Q HR 5/5, Pharmacia/ LKB, Piscataway, N.J.) as described previously. 17 The column was equilibrated with 20 mM Tris-Cl, pH 8.4. A sample of supernatant containing 1 mg protein18 was applied to the column and eluted with a linear gradient of NaCl from 0 to 400 mM (10 mmol/ml) in 20 mM Tris-Cl, pH 8.4, containing 5 mM 2-mercaptoethanol. CK activity in the column effluent was assessed on-line by incubation of the effluent at 37°C with substrates (CK S.V.R., Behring Diagnostics, San Diego) for the coupled enzyme assay of CK yielding NADPH and monitoring of absorbance at 340 nm as described previously.'9 The relative proportions of activity of each individual isoenzyme were expressed as percentages of the total area under the absorbance curve.
Westem Blot Analysis
Western blots were performed essentially as described previously.20 An aliquot of the tissue extract prepared for analysis of isoenzymes containing 15 ,ug protein was fractionated by 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis21 and transferred to nitrocellulose membranes (Schleicher and Schuell, Keene, N.H.). The membranes were incubated with a 1:200 dilution of a goat anti-human BB CK antibody (Pel-Freez, Rogers, Ark.), which cross-reacts with rat M and B subunits with fourfold greater affinity for the B subunit (data not shown). The immune complexes were detected with rabbit anti-goat immunoglobulin G (Pel-Freez) labeled with Na121I as described. 22 Because the affinity of the antibody for M and B subunits differed, relative M and B subunit mass was determined by laser densitometry (Ultrascan XL, Pharmacia/LKB) of autoradiograms with signal intensities shown to be in the linear range by comparison with a standard curve generated by analysis of known amounts of MB CK by Western blot.
RNA isolation. Total cellular RNA was extracted from another section of the left ventricle with proteinase K23 and quantified by absorbance at 260 nm. The integrity of each RNA preparation was evaluated by electrophoresis through 1.2% agarose gels after denaturation in methyl mercuric hydroxide.
Northem blot hybridization analysis. Ten micrograms of total cellular RNA was fractionated on 1.5% agarose gels containing 6% formaldehyde and transferred to GeneScreen membranes (Dupont/ New England Nuclear, Boston). 24 The membranes were prehybridized in a solution consisting of 50% deionized formamide (Bethesda Research Laboratories, Gaithersburg, Md.), 0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin, 0.2% Ficoll, 0.05 M Tris-HCl (pH 7.5), 1 M NaCl, 0.1% NaPPi, 1.0% SDS, 10% dextran sulfate (Pharmacia/LKB), and 100 ,ug/ml denatured sonicated salmon sperm DNA for at least 6 hours at 42°C and hybridized in the same solution with 3-6x105 dpm/ml 32P-labeled probe for 16-24 hours at 42°C.
The membranes were washed twice with a solution of 2x SSC (0.3 M NaCl, 0.03 M sodium citrate, pH 7.0) with 1% SDS at room temperature for 5 minutes and once with a solution of 2x SSC and 1.0% SDS for 30 minutes at 65°C. Autoradiograms were prepared with Kodak XAR-5 film and Cronex Lightning-Plus intensifying screens (Dupont/New England Nuclear) at -80°C. The relative abundance of M, B, and mitochondrial CK mRNAs was determined by laser densitometry of autoradiograms or by radioisotopic scanning of nitrocellulose membranes with an AMBIS radioanalytic imaging system (AMBIS Systems, San Diego). To remove the hybridized probe, membranes were boiled in a solution of 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, with 1% SDS for 20 minutes.
cDNA and oligonucleotide probes. Subunit-specific M, B, and mitochondrial CK probes were prepared from the untranslated regions of the cDNAs that show no significant nucleotide identity. 25 Western Blot Analysis The M and B subunits of CK were well separated after electrophoresis in SDS-polyacrylamide gels ( Figure 3A) . Laser densitometry of autoradiograms showed that M subunit protein increased 1.9-fold and B subunit protein increased 2.7-fold in hypertensive compared with normotensive rats ( Figure 3B ). Because antibodies specific for the mitochondrial subunit were not available, mitochondrial CK was not analyzed by Western blot.
Northem Blot Analysis
Northern blots of RNA extracted from normal and hypertensive rat hearts were probed, stripped, and reprobed consecutively for M, B, and mitochondrial CK mRNA ( Figure 4A) . Because of the high degree of sequence identity in the coding regions of the cytoplasmic and mitochondrial CK mRNAs, we prepared probes from the untranslated regions that show no significant DNA sequence identity. Analysis of autoradiograms by laser densitometry showed that steadystate levels of all three subunit mRNAs increased (M CKmRNA, 2.6-fold; B CKmRNA, 1.6-fold; mitochondrial CK mRNA, 1.8-fold) in hypertensive compared with control groups ( Figure 4B ). Because hybridization with the M CK-specific cDNA probe resulted in an intense autoradiographic signal, radioisotopic scanning of the membrane was used as an additional method to quantify M CK mRNA levels. The results of analysis by radioisotopic scanning and laser densitometry agreed closely. Discussion Our results show that systemic hypertension results in an increase in steady-state levels of M, B, and mitochondrial CK mRNAs with a concomitant increase in M and B subunit protein, total CK activity, and the activity of the cytoplasmic and mitochondrial isoenzymes of CK. These changes occurred early after aortic banding, before left ventricular hypertrophy ensued, as evidenced by the lack of change in the ratio of left ventricular weight to body weight. The absence of an increase in the total protein content of the left ventricle after aortic banding indicates that the increase in CK activity does not reflect a generalized increase in all myocardial proteins. Nevertheless, results of Western blot analysis indicate that M and B subunit mass were increased in response to hypertension. The results of Northern blot analysis with M, B, and mitochondrial CK-specific probes indicate that the increase in isoenzyme protein is mediated at the level of mRNA abundance. Although posttranscriptional effects on mRNA stability cannot be ruled out, both the M and B CK genes are regulated at the level of transcription in myogenic cell lines,29 and it is likely that the stimulus of hypertension results in an increase in transcription of the CK genes. Thus, the response of the myocardium to acute hypertension is characterized by an increase in expression of the M, B, and mitochondrial CK genes and not by a selective increase in expression of the B gene. 
